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Abstract 
Nanoindentation is a non-destructive technique used for evaluating mechanical properties from a very small volume of material 
by deforming it with a indenter. In the present investigation, FE modelling has been carried out to study the influence of friction 
on Ti-6Al-4V alloy widely used for aerospace applications. The emphasis is placed on providing a comprehensive evaluation of 
the influence of friction coefficient on load Vs displacement characteristics, lus in 
conical and spherical indentations. The development of pile-up/sink-in during indentation process and its dependence on 
contact friction was also analyzed. Results indicates that, during indentation process, the amount of pile-up cannot be related 
solely to the strain-hardening exponent, rather, the contact friction also affects the pile-up geometry, Therefore, the material 
parameters which are related to projected area will lead to large error due to friction contradicting with the statement of 
researchers i the published literature i.e, the instrumented indentation experiments are not significantly affected by friction. The 
error in hardness and Young's modulus were found to be as high as 14.59% and 6.78% respectively. 
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1. Introduction 
Nanoindentation is a most popular technique for material characterization at nano and micro scales. It has been 
on a small bulk material and thin coating with a thickness 3 mm. Nano indentation instrument has the ability to 
elastic and plastic mechanical properties of the indented materials to be evaluated, Elastic modulus and hardness 
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are the two properties that are more frequently measured by the load and depth sensing indentation technique. 
Theoretical analysis of general indentation problems has received a great attention from many investigators. The 
investigators Oliver, Doerner, Nix, and Solberg [1-3] then suggested a simple method based on measured 
indentation load-displacement curves and knowledge of the indenter area function or shape function that is the 
cross-sectional area of the indenter as a function of the distance from its tip. 
 The most extensively used method to determine elastic modulus and hardness by nanoindentation called 
unloading curve which is usually nonlinear was used to calculate the elastic modulus and provided a physically 
justifiable procedure for determining the depth which should be used in conjunction with the indenter shape 
function to establish the contact area at peak load. The elastic and plastic properties can be computed through a 
procedure proposed by Swadener [4], and the residual stresses can be extracted by the method of Suresh [5]. 
 The FEM is an important tool for obtaining deeper understanding of the indentation measurement even for thin 
coating material. The authors such as Yan [6] and Solberg [3] utilize 2D analysis, Antunes [7] utilize 3D analysis 
to simulate the indentation process. However, in most of these indentation studies, for simplicity, no friction 
between the interfaces of indenter and specimen is taken into account. Furthermore, in recent published papers [8-
9], FEM is employed extensively to study the stress fields in contact problems, as well as to predict the hardness 
and the development of surface deformation effects in indentation experiments. In those analyses, the authors 
assume that the friction has an insignificant effect in indentation. Nevertheless, in an indentation measurement with 
any kind of indenter (spherical, conical or Vickers etc.), the influence of friction in the contact area has been set 
forth. Early in 1985, Johnson et al. [10] first studied the influence of friction in indentation by recourse to the 
theory of the slip-line field. Such early investigations already indicated that an increase of up to 20% in hardness 
occurs for adhesive contacts, as compared to frictionless ones. Besides this, according to the research of Hernot 
[11], if, for the determination of Young's modulus, piling-up or sinking-in is not taken into account, the error can 
reach 20%. This study contributes to a better understanding of the influence of the friction coefficient in 
indentation. The values of calculated hardness and Young's modulus with and without friction have been compared 
and a detailed description is given. 
 
Nomenclature 
H Hardness, Mpa  
AProj  Projected Area, nm2 
S Slope of the unloading curve, mN/nm 
P             Indentation Load, mN. 
Er Reduced Young s Modulus, MPa 
Es Specimen Young s Modulus, MPa 
h Indentation depth, nm 
hc Contact depth, nm 
2. Theoretical Frame work 
  The load P and displacement h curve response of an elasto-plastic material to sharp indentation is shown in 
Fig.2. During loading, the response generally follows the relation described by Kick's Law [11], 
                                   (1) 
 
                                                                                                       (2) 
Where C is the loading curvature. h is the penetration depth which can be directly measured by instrumented 
s a parameter that evaluates the piling-up or sinking-in of the 
2 
angle of conical indenter, 0, f is equal to 24.504. By recording data of the whole 
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indentation procedure, the indentation hardness H and Young's modulus E can be calculated as suggested by Oliver 
[1]. 
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Proj is a function of contact area, Er is the reduced modulus and s is the Poisson ratio of the specimen i and 
Ei denote the Poisson ratio and young modulus of the indenter. Generally, the indenter is assumed to be rigid [1, 3].  
Therefore,  Ei 4), the first term (1- i2)/Ei tends to zero, then equation (4) can be written as,  
 
2(1 )s s rE E                                                                                                             (7) 
According to Eqs. (1) and (2), Eq. (3) can be written as  
2
Proj c
PA fh
H
             (8) 
Considering piling-up or sinking-in, the projected contact area AProj should be written as 
    2proj cA fh                                                                                                                           (9) 
Where hc is the contact depth, which incorporates piling-up or sinking-in. Eq. (8) and (9) indicate that                                
ch
h
                                                                                                          (10) 
Therefore, if  piling-up occurs. On the other hand,  represents occurrence of sinking-in. In order to 
quantify the deformation of piling -up or sinking-in, according to Eq. (10), a derived parameter B is introduced. It 
is defined as  
 
100% ( 1) 100%ch hB
h
                                                        (11) 
                        
3. Experimental 
3.1.Material 
The Ti-6Al-4V (alpha beta alloy) specimens used in the nanoindentation tests were heated to solution at 1233K for 
1hr, then cooled in furnace and aged for 6 hrs at 803K  followed by cooling in atmosphere.  The top and bottom 
surfaces of the test sample were carefully ground and polished to ensure flatness and parallelism. Elastic-plastic 
properties of Ti-6Al-4V alloy used in the numerical simulation are given in Table.1.  
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3.2. Nanoindentation tests 
Nanoindentation tests on Ti-6Al-4V alloy were carried out 
Berkovich tip. The instrument was operated in Contact Stiffness Mode (CSM), which allows the contact stiffness 
to be obtained at every interval of load-displacement curve in depth control mode. Indentations were made using a 
constant nominal strain-rate of 0.05/s-1 and the drift rate before testing was required to be 0.05 nm /s-1.   
 
 
  
 
Fig .1 FE model (a) Conical indentation (b) Spherical indentation 
  
Table 1. Elastic plastic properties of Ti-6Al-4v alloy 
 
Youngs modulus, E (Mpa)  Yield Stress, MPa Strain hardening exponent ,n 
104                             0.23  750 0.035 
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Fig.2 (a) Load Vs displacement curves (b) Residual impression of Nanoindentation 
    
 
 
 
b a 
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 3.3. Numerical simulations 
 
2D axisymmetric FE model with a rigid conical indenter as shown in Fig.1 (a) to simulate the nanoindentation of 
Ti-6Al-4V.  In order to ensure the numerical accuracy, a finer mesh near the contact region and a gradually coarser 
mesh away from the contact region are designed. The size of the specimen is 30 ×30 m and it was modelled 
using four noded quadrilateral elements. The horizontal displacement of the work piece and the indenter were fixed 
on symmetric boundaries and the vertical displacement was fixed on the work piece bottom. During loading, the 
indenter can be controlled either by displacement or by force and during unloading; the indenter comes back to 
initial position. In the present investigation, displacement controlled mode has been employed to characterize the 
indentation behaviour of the alloy. The load-displacement curve is drawn by means of the vertical reaction and the 
displacement from the rigid indenter.   is the half apex angle of the indenter taken as 63.140,70.30, 75.750 and 800, 
in the current investigation and the maximum penetration depth by a conical indenter is set to hmax = 1000nm for 
all simulations. Similarly, 2D FE model is meshed for spherical indentations as shown in Fig.1 (b). The size of the 
specimen was 3000nm×3000nm and it was modelled using four noded quadrilateral elements, R is indenter radius, 
which is set to 500nm and 300nm, the maximum depth was 250nm for all simulations with spherical indenters. In 
this in the range of 0-0.5 was adopted. 
 The FEA responses can be improved by using more refined FE meshes and smaller displacement increments, 
but it will require larger computational efforts. Therefore, the proper incriminations and the size of the meshes for 
the 2D FE models were determined in order to generate efficient FE models with minimum computational efforts 
at the Maximum load, the minimum number of contact elements in the contact zone was no less than 16 in each 
FEM computation. The mesh was well-tested for convergence and was determined to be insensitive to far-field 
boundary conditions. 
 
4. Results and discussion 
4.1. Load Vs Displacement characteristics for Ti-6Al-4V alloy  
The load-displacement curves obtained from nanoindentation experiments and finite element modelling are shown 
in Fig.2 (a) for Ti-6Al-4V alloy and the residual impression of nanoindentation is shown in Fig.2(b). During 
loading, the curves steadily shifted upwards with increasing depth, indicating that, the resistance of the materials to 
indentation increases with depth. The experimental load and displacement curve and simulation load and 
displacement curves are well matched. 
4.2. Numerical results for conical indenters  
The load Vs displacement curves obtained for Ti-6Al-4V alloy with different friction coefficients are shown in 
Fig.3 (a). Although the friction 
given half apex angle are nearly identical. However, this does not mean that there is no visible impact on the 
a direct correlation with the projected contact area 
Aproj, and Aproj is a function of hc which is related to piling-up or sinking-in. The values of piling-up or sinking-in 
obtained in different friction cases may be absolutely different. For example, in case of  = 70.30 < 0.4, the 
values of B are above zero, the material around indenter is piling-
smaller, piling-up disappears and sinking-in appears. Besides this, in Fig. 3(b), we can see that with the same value 
-up decreases and sinking-
0.1 and  = 63.14
0, piling-up takes place, but when  = 81.5
0, sinking-in occurs. This means that in the indentation 
measurement with a smaller half apex angle, piling-up will be favoured. On the other hand, when the half apex 
angle is large enough, piling-up may be replaced by sinking-in. Piling and sinking also strongly depends on the 
half apex angle . When  
in Fig., in the cases of  = 800, these differences are visible. . Those phenomena denote that, the value of B is more 
affected by friction coefficient if the indentation is performed using a conical indenter with a larger half apex 
angle.  
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    (a)      (b) 
Fig 3(a) Effect of indenter angle on Load Vs displacement curves b) Effect of friction on B Vs Indenter angle 
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    (a)      (b) 
Fig .4(a). Effect of friction on Load Vs Displacement curves from spherical indentation (b) B Vs Co- efficient of friction 
4.3. Numerical results for spherical indenters  
The load and displacement curves in Fig4(a) are obtained using a bigger spherical indenter (R = 500nm) .Although 
distinguished, which is 
similar to those obtained by conical indenters.  A larger friction coefficient can effectively constrain the piling-up 
or lead to an increase in the amount of sinking- ng 
and the amount of sinking-in tends -6Al-4V 
different spherical indenters are almost the same, see Fig.4 (b). This denotes that the effect of friction has less 
correlation with the radius of spherical indenter. From comparisons, we can see that the load and displacement 
curves obtained either by conical or spherical indenter with different friction coefficients show very little 
differences. However, through the parameter B, the influence of friction on piling-up or sinking-in is clearly 
highlighted. In Table 2
modulus. c is calculated by the classical method 
of Oliver and Pharr [1], which is written as below, 
 
Contact depth,                                                                                                                        (12) 
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Table.2. E and H of Ti-6Al-4V as a function of coefficient of friction with spherical indenter 
 
Where the geometric constant,   is defined as  =0.72 for conical indenter and  =0.75 for spherical 
c is directly determined in the foregoing FEM 
simulations. The results obtained from FEM and the O&P methods tend to be significantly different. This is 
because the contact depth calculated by Eq.12 does not take into account the effect of friction on piling-up and 
sinking-in. According to Eq.12, hc is derived from the load and displacement curve. Moreover, the load and 
displacement curves are almost identical although the friction coefficient is varied in a large range. Thus, hc are 
nearly identical from the results obtained by FEM method, it can be clearly seen that the friction coefficient 
ss has a tendency to increase 
 μ, it can be seen 
caused by the influence of friction are significant and should not be neglected 
5. Conclusions 
i. Load and displacement curves obtained either by spherical or conical indenters with different friction 
coefficients cannot be distinguished.  
ii. The friction at indenter/specimen interface can significantly affect the amount of piling-up or sinking-in 
with conical indenter, which has a significant effect on the contact area. Especially when the half apex 
angle is smaller, the influence of friction is obvious. Therefore, the values of hardness an
modulus, which are related to the projected contact area Aproj, should be significantly different too. The 
, which 
contradicts with the assumption made by several researchers that the instrumented indentation 
experiments are not significantly affected by friction [6, 10, 11]. 
iii. Friction can effectively impede the slip of material on the interfaces between indenter and specimen, 
which leads to a decrease in the amount of piling-up, or an increase of sinking-in. However, when the half 
apex angle is large enough, friction becomes predominant, because the material on the interfaces between 
indenter and specimen easily tend to be adhered on indenter.  
iv. In indentations with spherical indenters, the amount of piling-up decreases or sinking-in increases with an 
increase of friction coefficient.  
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S.No Coefficient of friction 
                   H, Mpa                 E, Gpa 
O&P FEM O&P FEM 
1 0.1 3661.8 3262 107.4 100.7 
2 0.2 3958 3531 107.39 101.67 
3 0.3 3967 3747 107.0 102.2 
4 0.5 4125 3912 108.5 105.7 
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